Abstract
In the 21 st Conference of the Parties held in Paris in December 2015, China pledged to peak its carbon emissions and increase non-fossil energy to 20% by 2030 or earlier.
Expanding renewable capacity, especially wind power, is a central strategy to achieve these climate goals. Despite greater capacity for wind installation in China compared to the US (114.7 vs. 65.9 GW), less wind electricity is generated in China (153.4 vs. 181.8 TWh). Here, we quantify the relative importance of the key factors accounting for the unsatisfactory performance of Chinese wind farms. Different from qualitative studies, we find that the difference in wind resources explains only a small fraction of the current US-China difference in wind power output (-17 .9% in 2012); the curtailment of wind power, differences in turbine quality and delayed connection to the grid are identified as the three primary factors (respectively -49.3%, -50.2%, and -50.3% in 2012). Improvements in both technology choices and the policy environment are critical in addressing these challenges.
** Main text
China and the US are the top two CO 2 emitters in the world, together accounting for 45.6% of the global total 1 . Carbon mitigation efforts by these two countries are thus critical for curbing global climate change 2, 3 . In the landmark US-China climate deal announced in November 2014 and the more recently concluded 21 st Conference of t h e P a r t i e s a t P a r i s (https://www.whitehouse.gov/the-press-office/2015/09/25/fact-sheet-united-states-and-china-i ssue-joint-presidential-statement), China pledged to peak its carbon emissions by 2030 or earlier, and to increase low-carbon energy to 20% in its total primary energy mix; the US committed to cut its carbon emissions by 26-28% relative to the 2005 level, following earlier The wind installation target set in 2006 for 2020 (30GW) was already exceeded by nearly 400% by the end of 2015 (145.1 GW) 5, 6 . China currently accounts for 33.6% of total global installed wind capacity, with US ranking second (17.2%) 7 . Despite greater total installed capacity, the actual wind-generated electricity output is in China less than in the US (Figure 1 ).
The unsatisfactory performance of Chinese wind farms not only harms the profitability of existing wind investments, but also reduces the economic attractiveness of future investments. Based on qualitative methods, previous studies indicated a variety of factors that may contribute to the Chinese shortfall: wind power resources may be intrinsically less favorable in China than in the US 8, 9 ; the time lag may be longer in China to connect wind farms to the grid [10] [11] [12] [13] ; the quality of turbines installed in China may be inferior to those installed in the US [13] [14] [15] ; in addition, for reasons specific for China, wind power curtailment is more pervasive due to an inflexible power generation fleet dominated by coal [16] [17] [18] . Yet the relative importance of these contributing factors is methodologically challenging to quantify. Here we propose a method based on a logarithmic-mean-divisia-index (LMDI) approach 19 to quantify their relative importance, and introduce a new parameter to characterise the overall quality of wind turbines. We find that, although the national total wind resources are less favorable in China than in the contiguous US, the available wind resources for the installed wind farms in these two countries are comparable. Our results suggest that curtailment of wind power, differences in turbine quality and delayed connection to the grid are the primary factors accounting for the current US-China difference.
Key Factors Determining Wind Energy Production
The annual total electricity output from installed wind farms can be calculated as the product of total capacity (C), the fraction of installed capacity connected to the grid (G), the potential capacity factor for wind resources (CF est ), the virtual turbine quality (Q), the curtailment rate (Cr) and the total hours of year (see equation 2 in Methods). A methodology to evaluate the overall quality of wind turbines that have been installed is missing in existing literature, despite its significance for the design of future wind development strategies. We introduce therefore a parameter (Q) to characterise the overall quality of existing wind turbines, comparing the actual output with the counterfactual performance if GE 2.5 MW turbines were installed instead. Q is a composite factor reflecting primarily turbine quality, but is affected also by the technical limits on the deployment and operation of wind farms.
We use the LMDI decomposition approach to quantify the relative contributions of these factors, in order to explain the discrepancy in wind power output in China as compared to the US for the year of 2012. As illustrated in Figure 2 , on the one hand the total capacity of wind farms installed in China exceeds that in the US, which should lead to greater wind-generated electricity in China relative to the US (67.7%); on the other hand, the advantage of greater installed capacity in China is more than offset by the combined effects of delayed 
Quality of Wind Resources for Existing Wind Farms
Total wind resources over the contiguous US are notably superior to those in China 8, 9 .
Assuming that GE 2.5 MW turbines were deployed in both countries, we find a mean value for CF in the U.S of 0.286, higher than the value of 0.224 for China. The discrepancy reflects the differences in meteorological conditions and topography in the two countries. A significant portion of the wind power potential in China is located in Tibet, where local demand for electricity is low and where the environment is not particularly favorable for deployment of wind turbines. Excluding Tibet, the mean potential value for CF in China would be reduced to 0.217.
We estimate then the potential CF for the actual installation sites in China and US, assuming deployment of GE 2.5 MW turbines. Figure 
Size and Quality of Installed Wind Turbines
China was a late entrant to the wind industry and made its debut mainly with less efficient, smaller turbines. As illustrated in Figure 4 , the average nameplate capacity for newly added wind farms in China was less than 1 MW up to 2007 12 Figure 4 ).
Conclusions and Policy Implications
Our analysis indicates that the unsatisfactory performance of Chinese wind farms compared to those in the US can be explained mainly by differences in three factors: virtual turbine quality, curtailment, and delayed grid connection. The lower virtual turbine quality can be addressed mainly within the wind manufacturing and supply chain. In the short-term, opening up the domestic market to international suppliers could improve the quality of installed turbines. In the long-term, enhancing indigenous innovation capacity through domestic R&D efforts and technology transfer agreements will accelerate technological progress and improve the quality of domestically produced turbines. In fact, China's wind turbine technology has been catching up quickly with international technological frontiers in the past decade, owing to a variety of favorable government policies 30 . With the evolving maturity of the wind power market, the virtual quality of wind turbines in China is expected to transition in short order to mirror the international advanced level.
Reducing wind curtailment and accelerating grid connection, in comparison, requires reform efforts in China's electric power system to make both the generation and transmission systems more renewable-friendly. Here we provide recommendations from three perspectives:
increasing the flexibility of the power generation system; coordinating generation and transmission planning; and introducing a renewable-friendly dispatch order ( Supplementary   Figure 3 ).
First of all, proven technological options can be used to increase the flexibility of the power generation system to accommodate variable and intermittent renewable output. To increase the flexibility of CHP, recent regulation 31 in China encourages hot water supplied by CHP systems to be complemented with electrified boilers. The overall efficiency of the system could be enhanced by incorporating hot water storage tanks in CHP facilities or by adding storage capacity to buildings supplied with this hot water. Furthermore, future improvement in wind power prediction can also benefit the planning and dispatch decisions to favor wind integration. Another option is to utilise excessive wind power to produce a secondary energy carrier. For example, H 2 produced by electrolysis, which could then be combined with CO 2 captured from local coal-fired plants to produce a liquid fuel such as methanol. Last but not least, a number of electricity storage technologies are available to store excessive wind power and reduce curtailment. For instance, pumped hydro storage (PHS)
facilities could provide an opportunity to store electricity when supply exceeds demand.
Current PHS capacity in China amounts to 16.9 GW, and is projected to increase to 50 GW by 2020 32 Despite the potential institutional challenges, implementing green dispatch can make China's grid system renewables-friendly, benefiting thus wind power integration.
In a broader context, the significant performance difference between the wind capacity installed in China and in the US also warrants increased attention to the regional disparities in real-world renewable deployment costs. To assess global emission mitigation pathways, large-scale energy economic models traditionally assume a uniform cost for technology across countries 3 . Recent literature has explored the significance of cross-country variations in technology costs that may affect climate mitigation strategies. For instance, considering country-specific investment risks under various institutional environments can lead to different temporal and spatial patterns for carbon mitigation efforts 36 . Our analysis therefore lays an empirical foundation for introducing such region-specific renewable technology costs into global integrated assessment models.
Methods
LMDI Analysis. The LMDI model is a tool for index decomposition analysis, which has been widely applied in the analyses of energy demand and supply, carbon dioxide emissions, and efficiencies in energy related studies 19, 37 . Here, we adopt this method to separate the influences of the different factors on the overall difference in performance of wind farms between China and the US. The annual wind-generated electricity (E) can be calculated as follows:
Here, refers to grid-connected wind capacity, which can be expressed as the product of total capacity (C) and the fraction of installed capacity connected to the grid (i.e. ).
CF is the capacity factor that wind farms could realise without curtailment. Cr is the fraction of wind-generated electricity that is curtailed; and 8760 is the total number of hours in a year.
As the capacity factor realised is location-dependent and affected by issues related to grid operations, teasing out the effect of turbine quality is methodologically difficult. Here, we introduce a new parameter (Q) to characterise the virtual quality of existing wind turbines, comparing the actual performance with the counterfactual performance if GE 2.5 MW turbines were installed. Specifically, we evaluate the potential CF (CF est ) that would have been realised if GE 2.5 turbines were installed at the same locations as the existing turbines in China and the US. Adopting CF est as a benchmark, a parameter Q is defined then as the ratio of CF to CF est (Q=CF/CF est ). Equation (1) is expanded accordingly to equation (2) .
The actual capacity factor realised in existing wind farms (CF real ) in China and the US can be expressed using the last three factors (CF est , Q and Cr) in equation (4).
Uncertainty of LMDI approach.
With the logarithmic division approach, the unexplained residual terms may be allocated as the contributions of the individual factors 19, 40, 41 . If the residual terms are large, this could lead to unavoidable ambiguity in assigning the influence to each specific factors. To test the validity of the LMDI approach adopted in this study, an uncertainty analysis is conducted based on the elasticity approach (see Supplementary Methods) . The blue bars in Supplementary Figure 8 illustrate how the residual term is allocated to the individual factors. If the residual term is small, as is the case for this analysis, these two approaches should yield similar results.
Evaluation of wind resources. The potential for wind-generated electricity was 
